Attorney Docket No. TI -35881 



PATENT APPLICATION 



STATIC RANDOM ACCESS MEMORY DEVICE HAVING 
REDUCED LEAKAGE CURRENT DURING ACTIVE 
MODE AND A METHOD OF OPERATING THEREOF 



Inventor : 



Theodore W. Houston 

1522 North Cheyenne Drive 

Hi chardson , Texas 75080 



Assignee : 



Texas Instruments Incorporated 
P.O. Box 655474 
MS 3999 

Dallas, Texas 75265 



CERTIFICATE OF EXPRESS MAIL ' 
1 hereby certify that this correspo ndence, including the attachments listed^ is being deposited ^ 
with tKc Umted States Postal SCTvice, Express Mail - Post Office to Addressee, Receipt No. s 

f'V^ 3 / '^r^ • ^ ^ envelope addressed to 

Commissioner for Patents, Alexandria, VA 223 13, on the date shown below. - 



^Date of; Mailings 



led or printed name of person mailing 



: Signature of person : 



Hitt Gaines, P.C. 
P.O. Box 832570 
Richardson, Texas 
(972) 480-8800 



75083 



STATIC RANDOM ACCESS MEMORY DEVICE HAVING 
REDUCED LEAKAGE CURRENT DURING ACTIVE 
MODE AND A METHOD OF OPERATING THEREOF 



TECHNICAL FIELD OF THE INVENTION 



[0001] The present invention is directed, in general, to memory 
devices and, more specifically, to a Static Random Access Memory 
(SRAM) device having reduced leakage current during active mode and 
a method of operating thereof. 



BACKGROUND OF THE INVENTION 



[0002] Memory devices are well known in the art and used in, 
among other things, virtually all microprocessor and digital signal 
processor (DSP) applications. One type of memory favored for many 
applications is Static Random Access Memory (SRAM) . SRAM devices 
are fast and easy to' use relative to many other types of memory 
devices. In addition, SRAM devices using metal -oxide -semiconductor 

(MOS) technology exhibit relatively low standby power and do not 
require a refresh cycle to maintain stored information. These 
attributes make SRAM devices particularly desirable for battery- 
powered equipment, such as laptop computers and personal digital 
assistants . 



[0003] Miniaturization of SRAM devices is another attribute that 
may make SRAM devices desirable for such battery-powered equipment. 
Desired miniaturization, however, may include undesirable operating 
problems for the smaller SRAM devices. For example, current 
leakage may increase as the size of SRAM devices decreases. 
Current leakage may provide a problem during a sleep mode, a 
standby mode and even during an active mode. In fact, current 
leakage, which may be represented by Iddq, has become a greater 
concern during the active mode as SRAM devices continue to decrease 
in size. 

[0004] Some options to reduce current leakage during the active 
mode already exists. In one such option, for example, the high 
operating voltage, Vdd, supplied to the SRAM device may be reduced 
to lower the voltage across the SRAM array, A reduced high 
operating voltage Vdd/ however, can also reduce static noise margin 

(SNM) and write trip voltage (so-called '"Vtrip") below acceptable 
levels. Alternatively, a low operating voltage, V^q, supplied to 
the SRAM device can be raised while in a standby mode and lowered 
when in the active mode. This alternative, unfortunately, requires 
more switching power and does not support the write trip voltage 

^trip • 

[0005] A high V^^ip and SNM are desired cell characteristics of 
SRAM devices. A high SNM is desired for circuit stability. If SNM 
is too low, READ operations may be disrupted. A high Vtrip is 
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desired for adequate data write speed. If Vtrip is too low, WRITE 
operations may be disrupted. Unfortunately, the requirements for 
an acceptable SNM and write trip voltage V^rip may limit the 
tolerances for an acceptable SRAM yield during manufacturing since 
increasing one typically decreases the other. 

[0006] A typical six-transistor SRAM memory cell (the basic unit 
of a SRAM device) consists of two p-channel ''pull-up'' transistors, 
two n-channel "pull -down" transistors and two access transistors, 
which are typically n-channel transistors. The strength of the p- 
doped and n-doped channels of the transistors affects the 
performance of the SRAM memory cell as a whole. For example, a 
strong n-channel can cause SNM to be unsuitably low, particularly 
when accompanied by a weak p-channel. One might be tempted to 
weaken the n-channel and/or strengthen the p-channel to achieve a 
satisfactory SNM. However, a weak n-channel can cause Vt^ip to be 
unsuitably low, particularly when accompanied by a strong p- 
channel . 

[0007] Thus, existing SRAM devices are challenged by the 
competing and contradicting objectives of providing a weak n- 
channel (and/or a strong p-channel) to achieve an acceptable SNM 
and providing a strong n-channel (and/or a weak p-channel) to 
achieve an acceptable Vt^ip. Moreover, this trade-off between SNM 
and Vtrip (and, thus, between reliable READ and WRITE operations) 
becomes increasingly constrained with continued miniaturization and 



I 
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lower operating voltages since these amplify the effect of normal 
manufacturing variations. 

[0008] Even though both SNM and Vt^ip are degraded when the high 
operating voltage V^d is reduced, a reduction of the high operating 
voltage is often desirable for low power operation and for some 
test conditions. Though both SNM and Vt^ip are degraded, the 
degradation of V^rip is particularly strong with a reduction in the 
high operating voltage Vdd- Thus V^rip tends to limit the lower 
bound of the high operating voltage for operation. A solution 
for reducing current leakage during an active mode, therefore, 
needs to provide a minimum adverse affect on SNM and Vt^ip. 

[0009] Accordingly, what is needed in the art is an improved 
SRAM device having reduced current leakage during an active mode. 
Additionally, the improved SRAM device with reduced current leakage 
needs a strong SNM and write trip voltage Vt^ip. 
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SUMMARY OP THE INVENTION 



[0010] To address the above-discussed deficiencies of the prior 
art, the present invention provides an SRAM device and a method of 
operating thereof. In one embodiment, the SRAM device includes (1) 
an SRAM array coupled to row peripheral circuitry by a word line 
and coupled to column peripheral circuitry by bit lines and (2) an 
array low voltage control circuitry that provides an enhanced low 
operating voltage V^ss to the SRAM array during at least a portion 
of an active mode thereof. 

[0011] The present invention, therefore, may provide a greater 
power savings and a better SNM and write trip voltage V^rip trade-off 
than existing SRAM devices allowing a wider process margin. 
Providing the enhanced low operating voltage Vg-gs reduces current 
leakage Iddq by lowering voltage across the memory cell and raising 
the threshold voltage due to a back bias effect since the 

enhanced low operating voltage Vess is greater than a substrate 
voltage (typically the low operating voltage Vgs) . The SNM may be 
improved by the higher V^-n from the back bias effect that adequately 
compensates for the lowering of the SNM by a reduced cell voltage. 
With an improved SNM, cells may suffer a minimum of upset when the 
associated word line voltage is raised for access, as in a READ, or 
for non-addressed columns in an accessed row for WRITE. Similarly, 
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the improved SNM may allow WRITE operations without upsetting cells 
in unaddressed columns. 

[0012] A down side to the enhanced low operating voltage V^^s ^^y 
be a reduction in the read current Iread- Iread/ however, may be 
restored by providing the enhanced low operating voltage Vgss at a 
lower value for addressed columns during a READ operation. The 
present invention may also provide the enhanced low operating 
voltage Vess at a lower value for READ operations than for WRITE 
operations. Additionally, the enhanced low operating voltage Vess 
may be set to compensate for process variations by, for example, 
providing the enhanced low operating voltage V^ss at a higher value 
for process corners where failures of the SNM and the write trip 
voltage V^rip may occur. The enhanced low operating voltage Vess ^ay 
also be provided at a higher value when the write trip voltage V^-rip 
is at a worst case. Furthermore, the enhanced low operating 
voltage Vess ^ay be provided at a higher value for low voltage 
operations, such as, during testing. 

[0013] Thus, the enhanced low operating voltage Vess ^ay be 
defined at distinct values based on certain factors, such as, 
transistor parameters or modes of operations. For example, one 
enhanced low operating voltage Vess value may be established for a 
test operation. Additionally, different enhanced low operating 
voltage Vess values may be established for a READ operation or a 
WRITE operation. In some embodiments, a single enhanced low 
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operating voltage Vess value may be established for more than one 
factor. Therefore, a single enhanced low operating voltage V^ss 
value may be provided for a TEST, WRITE or READ operation. 
[0014] In another aspect, the present invention provides a 
method of operating an SRAM device including (1) employing in an 
integrated circuit an SRAM array coupled to row peripheral 
circuitry by a word line and coupled to column peripheral circuitry 
by bit lines and (2) providing an enhanced low operating voltage 
Vess to the SRAM array during at least a portion of an active mode. 
[0015] The foregoing has outlined preferred and alternative 
features of the present invention so that those skilled in the art 
may better understand the detailed description of the invention 
that follows. Additional features of the invention will be 
described hereinafter that form the subject of the claims of the 
invention. Those skilled in the art should appreciate that they 
can readily use the disclosed conception and specific embodiment as 
a basis for designing or modifying other structures for carrying 
out the same purposes of the present invention. Those skilled in 
the art should also realize that such equivalent constructions do 
not depart from the spirit and scope of the invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



[0016] For a more complete understanding of the present 
invention, reference is now made to the following detailed 
description taken in conjunction with the accompanying FIGURES. It 
is emphasized that various features may not be drawn to scale. In 
fact, the dimensions of various features may be arbitrarily 
increased or reduced for clarity of discussion. Reference is now 
made to the following descriptions taken in conjunction with the 
accompanying drawings, in which: 

[0017] FIGURE 1 illustrates a circuit diagram of an embodiment 
of an SRAM device constructed according to the principles of the 
present invention; and 

[0018] FIGURE 2 illustrates an embodiment of a method of 
operating an SRAM device carried out according to the principals of 
the present invention. 



DETAILED DESCRIPTION 



[0019] Referring initially to FIGURE 1, illustrated is a circuit 
diagram of an embodiment of an SRAM device, generally designated 
100, constructed according to the principles of the present 
invention. The SRAM device 100 includes an SRAM array 110, row 
peripheral circuitry 12 0, column peripheral circuitry 130 and an 
array low voltage control circuitry 140. Typically, the SRAM array 
110 includes multiple memory cells organized in a matrix of columns 
and rows with corresponding multiple word lines and bit lines. For 
example, the SRAM array 110 may have 256 columns and 256 rows of 
memory cells. For ease of discussion, however, only a single row 
with a first, second and third column 112, 114, 116, of the SRAM 
array 110 are illustrated. Furthermore, only a single word line, 
bit line pair, row peripheral circuitry 120 and column peripheral 
circuitry 130 associated with the first column 112 are illustrated 
and discussed. One skilled in the art, however, will understand 
that the illustrated and discussed word line, bit line pair, row 
peripheral circuitry 120 and column peripheral circuitry 130 
associated with the first column 112 may functionally represent 
similar circuitry associated with the second and third columns 114, 
116, as well as additional columns and rows not illustrated. 
[0020] The SRAM device 100 may be a memory component for an 
associated microprocessor, digital signal processor (DSP) , 
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application-specific integrated circuit (ASIC) or larger electronic 
apparatus. In some embodiments, more than one SRAM device 100 may 
comprise the memory component- An Integrated Circuit (IC) 
associated with the SRAM device 100 may supply a high operating 
voltage and a low operating voltage Vgs/ thereto. The high 
operating voltage V^d and the low operating voltage V^s be chip 
supply voltages. Typically, signal paths and a data interface of 
the associated apparatus may be coupled to the SRAM device 100 to 
send address information and retrieve/send data for reading/writing 
the data to specific memory cells of the SRAM array 110. One 
skilled in the art will understand coupling of the SRAM device 100 
to the associated apparatus. 

[0021] Each of the first, second and third columns 112, 114, 
116, may include memory cells in multiple rows having a unique 
address for writing and reading the data. Each of the memory cells 
may employ MOSFETs and a flip-flop to store the data as a one or a 
zero. Reading and writing of the data in the first column 112 may 
be controlled by the row peripheral circuitry 120 and the column 
peripheral circuitry 130. 

[0022] The row peripheral circuitry 120 may control activating 
a word line associated with one of the rows. The row peripheral 
circuitry 120 may include, for example, a row pre-decoder, a row 
decoder, a word line driver and a keeper. The word line driver may 
activate the word line for reading or writing based on an address 
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signal received via a row signal path and decoded by the row pre- 
decoder and the row decoder. 

[0023] The column peripheral circuitry 130 controls selecting 
the columns of the SRAM array 110 for reading and writing. The 
column peripheral circuitry 13 0 may include, for example, pre- 
charge circuitry, write circuitry, a column multiplexer and a sense 
amplifier. Additionally, the column peripheral circuitry may 
include address decoders for determining memory cell locations 
within the SRAM array 110 and control circuitry for determining 
between writing or reading the data. The pre-charge circuitry, the 
write circuitry, the column multiplexer and the sense amplifier may 
facilitate reading and writing data to the correct column address 
that has been decoded. As with the row peripheral circuitry 13 0, 
the column peripheral circuitry 13 0 may also include additional 
components that facilitate writing and reading the data that are 
not illustrated or discussed herein. 

[0024] The array low voltage control circuitry 14 0 may be 
configured to provide an enhanced low operating voltage, V^ss, to the 
SRAM array 110 during at least a portion of an active mode of the 
SRAM array 110. Of course, the enhanced low operating voltage Vgss 
may be provided during all of the active mode. The array low 
voltage control circuitry 14 0 may employ active components to 
provide the enhanced low operating voltage Vgss- ^or example, the 
array low voltage control circuitry 140 may include a diode-bridged 
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footer to raise the low operating voltage Ygg and provide the 
enhanced low operating voltage Vess- A footer may be a transistor 
positioned between the low operating voltage Vgs and the SRAM device 
100. Typically, the footer may be an n-channel MOSFET. The array 
low voltage control circuitry may be an element to provide a 
voltage drop between the array and a low operating voltage supply 
bus. For example, the array low voltage control circuitry may be 
a turned on transistor where the width of the turned on transistor 
determines the voltage drop. The array low voltage control 
circuitry 140 may also employ fuses to apply the enhanced low 
operating voltage Vgss or to select a particular value for the 
enhanced low operating voltage Vess- The fuses may be employed to 
select a particular enhanced low operating voltage V^ss value for 
a mode of operation, a value of the high operating voltage or 
transistor parameters. Of course, the fuses may also be employed 
to select other enhanced low operating voltage V^ss values based on 
various factors . 

[0025] Additionally, the array low voltage control circuitry 140 
may employ other components such as ROM or a voltage regulator to 
provide the enhanced low operating voltage Vess- The array low 
voltage control circuitry 14 0 may also include logic circuitry to 
selectively provide the enhanced low operating voltage Vess to the 
SRAM array 110 based on, for example, a WRITE operation, a READ 
operation, a test mode or a process corner. The logic circuitry 
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may employ fuses or transistors to provide such selectivity. The 
logic circuitry may be an associated microprocessor that instructs 
selectivity of the array low voltage control circuitry 140, 
[0026] In some embodiments, the array low voltage supply 140 may 
provide the enhanced low operating voltage Vgss only during a WRITE 
operation. In other embodiments, the array low voltage control 
circuitry 14 0 may provide the enhanced low operating voltage Yggs at 
a lower value during a READ operation than during a WRITE 
operation. The array low voltage control circuitry 14 0 may only 
provide the lower value for an addressed column of the SRAM array 
110. For instance, the row peripheral circuitry 120 and the column 
peripheral circuitry 130 may indicate a READ operation at the 
selected word line of the first column 112. Accordingly, the array 
low voltage control circuitry 14 0 may provide the enhanced low 
operating voltage Vess lower value to the first column 112 to 
improve the read current during the READ operation. In some 
embodiments, the enhanced low operating voltage Vgss lower value may 
be provided to an appropriate block of the SRAM array 110 instead 
of a column. 

[0027] In other embodiments, the array low voltage supply 140 
may provide the enhanced low operating voltage V^ss during all of 
the active mode. The array low voltage control circuitry 140 may 
also provide enhanced low operating voltage Vggs during all modes. 
For example, the array low voltage control circuitry 140 may 
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provide the enhanced low operating voltage Vess for standby and 
sleep modes, too. 

[0028] The enhanced low operating voltage V^ss niay be provided 
based on characteristics of the SRAM device 100 transistors. For 
example, the array low voltage control circuitry 140 may provide 
the enhanced low operating voltage V^ss based on a process corner. 
The array low voltage control circuitry 14 0 may provide the 
enhanced low operating voltage Vess a higher value when based on 
a strong n process corner. In other embodiments, the array low 
voltage control circuitry 140 may provide the enhanced low 
operating voltage Vess based on factors such as a mode of operation 
or a value of a high operating voltage Vdd- 

[0029] Turning now to FIGURE 2, illustrated is an embodiment of 
a method of operating an SRAM device, generally designated 200, 
carried out according to the principals of the present invention. 
The SRAM device has a SRAM array that may vary in size. For 
example, the SRAM array may have 256 columns and 256 rows of memory 
cells. The SRAM device may be employed in an Integrated Circuit 
(IC) that can include more than one SRAM array. Typically, the 
SRAM array is provided a low and high operating voltage, Vgg, V^d, 
respectively. The low and high operating voltages Vgs, Vdd, may be 
chip supply voltages. The method 200 begins with a desire to 
operate the SRAM device in a step 205. 
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[0030] Next, an enhanced low operating voltage Yggs is 
established in a step 210. The enhanced low operating voltage Ygss 
may be established based on general characteristics of the SRAM 
device transistors. In some embodiments, an established enhanced 
low operating voltage Vess n^ay be altered based on a process corner. 
For example, an established enhanced low operating voltage Vess ^^Y 
be provided at a higher value when the process corner is a strong 
n corner. The established enhanced low operating voltage Vess ™ay 
also be altered based on the high operating voltage V^d or 
temperature of the SRAM device. In some embodiments, however, the 
enhanced low operating voltage Vess ^^Y independent of the high 
operating voltage V^d or temperature. Thus, the value of the 
enhanced low operating voltage Vgss niay vary based on, for example, 
the process corner, the high operating voltage V^d or temperature, 
[0031] If the transistors do have a strong n process corner, 
then the enhanced low operating voltage Vggs may be provided at a 
higher value compared to transistors that are not at a strong n 
process corner. In other embodiments, the enhanced low operating 
voltage Vess be provided at a higher value based on other 

transistor characteristics, such as, a weak p characteristic of the 
SRAM array transistors. For example, the enhanced low operating 
voltage Vgss may be provided at about 0.1 volts higher based on 
transistor characteristics. In some embodiments, the enhanced low 
operating voltage Vess provided at an even higher value if a 
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lower value of the enhanced low operating voltage V^qq is provided 
to addressed columns during a READ operation. 

[0032] Different voltage values, therefore, of the enhanced low 
operating voltage Vgss niay be established for various operations. 
For example, one enhanced low operating voltage Vess value may be 
established for a test operation. Additionally, different enhanced 
low operating voltage Vess values may be established for a READ 
operation or a WRITE operation. In some embodiments, a single 
enhanced low operating voltage Vess value may be employed for more 
than one type of operation. 

[0033] After establishing the enhanced low operating voltage 
Vess/ ^ determination is made if the SRAM device is in an active 
mode in a first decisional step 220. The SRAM device may be in the 
active mode during a WRITE or READ operation. Logic circuitry, 
such as a microprocessor, associated with the IC may determine when 
a WRITE or READ operation occurs. Additionally, column and row 
peripheral circuitry may indicate a READ or WRITE operation. 

[0034] If the SRAM device is not in an active mode, then a non- 
active bias is applied to the SRAM array in a step 225. If not in 
the active mode, the SRAM device may be in a standby mode or in a 
sleep mode. The non-active bias may be a low power bias designed 
to lower the high operating voltage Vdd or raise the low operating 
voltage Vgs to assist in retaining data during a non-active state. 
Optionally, the enhanced low operating voltage Vess applied 
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to the SRAM array during the non-active state. In some 
embodiments, an array low voltage control circuitry may provide the 
non-active bias or the enhanced low operating voltage Vess- After 
applying the non-active bias, the method 200 continues to a step 
270. 

[0035] Returning now to the first decisional step 220, if the 
SRAM device is in the active mode, a determination is made if the 
SRAM device is in a test mode in a second decisional step 230. The 
logic circuitry associated with the IC may determine if the SRAM 
device is in the test mode. If the SRAM device is in the test 
mode, then the enhanced low operating voltage Yggs test mode value 
is provided to the SRAM device in a step 235. The test mode value 
of the enhanced low operating voltage Vess be provided by the 

array low voltage control circuitry. In some embodiments, the 
enhanced low operating voltage V^ss test mode value may be 
equivalent to the established enhanced low operating voltage Vess- 
After providing the enhanced low operating voltage Vess test mode 
value, the method 200 continues to step 270. 

[0036] If the SRAM device is not in the test mode, then a 
determination is made if the SRAM device is in a READ mode in a 
third decisional step 240. Associated logic circuitry may 
determine if the SRAM device is performing a READ operation. If in 
the READ mode, an enhanced low operating voltage Vess READ mode 
value is provided to the SRAM array in a step 245. The READ mode 
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value may be provided by the array low voltage control circuitry . 
In some embodiments, the READ mode value may only be provided to a 
portion of the SRAM array. For example, an addressed column of the 
SRAM array may be the only portion of the SRAM array in which the 
READ mode is provided. In other embodiments, a block of the SRAM 
array may be provided the READ mode value during a READ operation. 
The enhanced low operating voltage Vess READ mode value may be about 
the value of the low operating voltage Vgs. After providing the 
enhanced low operating voltage Vgss READ mode value, the method 200 
continues to step 270. 

[0037] If the SRAM device is not in the READ mode, then a 
determination is made if the SRAM device is in a WRITE mode in a 
fourth decisional step 250. Associated logic circuitry may 
determine if the SRAM device is performing a WRITE operation. If 
in the WRITE mode, an enhanced low operating voltage Vess WRITE mode 
value is provided to the SRAM array in a step 255. The WRITE mode 
value may be provided by the array low voltage control circuitry. 
After providing the enhanced low operating voltage Vess WRITE mode 
value, the method 200 continues to step 270. 

[0038] If the SRAM device is not in the WRITE mode, then the 
enhanced low operating voltage Vess is provided to the SRAM array in 
a step 260. The enhanced low operating voltage Vgss niay be provided 
by an array low voltage control circuitry. The enhanced low 
operating voltage Vgss may provide a lower voltage across the SRAM 
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array during the active mode to reduce leakage current while 
maintaining an adequate SNM and V^^^^. The enhanced low operating 
voltage Vess may be provided by increasing the low operating voltage 
Vss employing the array low voltage control circuitry. The enhanced 
low operating voltage Vess may be provided by employing active 
components such as a diode-bridged footer. Of course one skilled 
in the art will also understand that the enhanced low operating 
voltage Vess may be provided by employing other active components or 
passive components. For example, the enhanced low operating 
voltage Vgss may be provided by employing a resistor, a transistor, 
a diode, a low drop-out regulator or a combination thereof. In 
some embodiments, the enhanced low operating voltage Vess may be at 
about 0.2 volts. In other embodiments, the enhanced low operating 
voltage V^ss may be at about the low operating voltage Vgg. 
[0039] After providing the enhanced low operating voltage Vess/ 
a determination is made to continue operating the SRAM device in 
the fifth decisional step 270. If operating the SRAM device 
continues, then the method proceeds to step 210 and continues as 
described above. One skilled in the art will also understand that 
the high operating voltage V^d may also be maintained to the SRAM 
array while operating. In some embodiments, the high operating 
voltage V^d may be about 1.2 volts and the low operating voltage Vgs 
may be about 0.0 volts. If operating the SRAM device does not 
continue, then the method ends in a step 280. 
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[0040] While the methods disclosed herein have been described 
and shown with reference to particular steps performed in a 
particular order, it will be understood that these steps may be 
combined, subdivided or reordered to form an equivalent method 
without departing from the teachings of the present invention. 
Accordingly, unless specifically indicated herein, the order and/or 
the grouping of the steps are not limitations of the present 
invention. 

[0041] Although the present invention has been described in 
detail, those skilled in the art should understand that they can 
make various changes, substitutions and alterations herein without 
departing from the spirit and scope of the invention in its 
broadest form. For example, the SRAM array may be at an enhanced 
low operating voltage V^ss during all modes, such as, the standby 
and sleep mode. Additionally, SRAM array may be provided the 
enhanced low operating voltage Vess only during a WRITE operation. 
While in other embodiments, the enhanced low operating voltage Vess 
may be provided to the SRAM array during all of the active mode. 
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